X-ray diffraction is a widely used technique for measuring the crystal structure of a compressed material. Recently, short pulse x-ray sources have been used to measure the crystal structure in-situ while a sample is being dynamically loaded. To reach the ultra high pressures that are unattainable in static experiments at temperatures lower than using shock techniques, shockless quasi-isentropic compression is required. Shockless compression has been demonstrated as a successful means of accessing high pressures. The National Ignition Facility (NIF), which will begin doing high pressure material science in 2010, it should be possible to reach over 2 TPa quasi-isentropically. This paper outlines how x-ray diffraction could be used to study the crystal structure in laser driven, shocklessly compressed targets the same way it has been used in shock compressed samples. A simulation of a shockless laser driven iron is used to generate simulated diffraction signals. And recently experimental results are presented.
Introduction
Models of planetary interiors rely on accurate laboratory measurements of equations of state [1] . High pressure measurements are generally limited by the experimental apparatus. Diamond anvil experiments can be used to study statically compressed samples up to only a few hundred GPa [2] . Dynamic techniques are needed to reach pressures exceeding 4 TPa that exist at the cores of the gas giants [3] . These pressure should be obtainable in the next generation of high energy density experimental facilities such as the National Ignition Facility (NIF) [4] . This paper discusses how the crystal structure can be measured in dynamically compressed samples using in-situ x-ray diffraction [5, 6, 7] . First, a brief discussion of shock and shockless compression is presented as a means of obtaining high pressures. Then we describe how the x-ray diffraction techniques would differ between the shock and shockless drive. Finally a comparison of data from a recent experiment are compared with the initial shock compression of the sample.
Dynamic compression techniques
Shock compression has been used over the last half century to provide a wealth of information about materials at high pressures [11] . Traditionally experiments have been done using a gas gun to launch a projectile at a stationary target, or using high explosives (HE) to apply a sharp pressure pulse [12] .
More recently, shock wave research has extended to large laser and z-pinch facilities. Even though the technology to create a shock is different in each method, the sample will always transform to a single temperature and pressure described by the shock Hugoniot, the curve in phase space that represents the shock response of a material. To study samples under the ultra high pressure conditions relevant to planetary interiors in the laboratory, dynamic compression techniques which do not produce a shock are required. These techniques are labeled as "quasi-isentropic" because they produce high pressures off the shock Hugoniot in materials while maintaining low temperatures using a sequence of small shocks.
Quasi-isentropic has been performed using pillow impactors on gas guns [12] , temporal pulse shaping on z-pinch facilities [13] , HE expanding across a vacuum gap [14] and a two component target on laser facilities [15, 16] . In a similar fashion to the HE case, the laser target uses a plastic reservoir which is shocked with a high-powered laser and the plasma blow off from the ensuing blast wave crosses a vacuum gap and pressurizes the sample. The parameters of the target can be tailored to suit a particular compression regime. Unlike shock compression, the sample does not end up on a single point on the shock Hugoniot, but samples a continuum of states along the compression 'quasi-isentrope'. Where measurements made at different times look at different pressure and temperatures.
An example of a laser driven shockless compression target is shown in Fig. 1 , and simulated pressure, temperature, and density profiles are shown in Fig. 2 for an on target drive laser intensity of 1 × 10 13 W/cm 2 . This shows that over 5 to 10 ns period the pressure increases in the sample until it reaches a peak pressure, which is maintained for approximately 10 ns. The beryllium layer serves as a heat shield to prevent the sample from melting on initial contact with the plasma, but ultimately a thermal wave causes the sample to heat up, setting up a large temperature gradient in the sample. The long time-scales and spatial gradients in the isentropically compressed case change the way the sample can be diagnosed using in-situ x-ray diffraction. 
X-ray diffraction from dynamically compressed materials
With the development of x-ray diffraction of dynamic systems, [6, 7, 17, 18] it is possible to make a determination of crystal structure in-situ during the compression process. These in-situ measurements are critical to understanding how materials react under presssure as the crystallographic structure is fundamental in determining material properties. A change in crystal structure, known as a phase change, is usually accompanied by a dramatic change in bulk properties, i.e. volume collapse, change in electrical conductivity, change in magnetism, etc. We will discuss modifications to the existing wide angle x-ray diffraction techniques used on shock compression experiments [5] to make crystallographic measurements on quasi-isentropically compressed samples. Figure 3 shows how the x-ray probes will differ between the two techniques. The gray shaded region denotes the time and the finite penetration depth of the x-ray probes on the crystal. In the shock case, shown in Figure 3 a) , there is a discontinuity at the shock front between the uncompressed and shock compressed material. For x-ray diffraction this discontinuity means we can record a diffraction signal from both the unshocked sample and the shock compressed sample with a single pulse of x-rays which is time synchronous with the shock front reaching the material. The measurement of the unshocked signal is critical to making quantitative measurements because it provides a method for calibrating the experimental geometry of the detector and the initial crystal state.
In the isentropically compressed case, the compression happens over a longer timescale, as illustrated in Fig. 3 b) . This means that it will require two separate x-ray pulses. One x-ray pulse is required to record a zero pressure signal. A second x-ray pulse is required to interrogate the sample at pressure. Unlike the shock case, where the shock front provides a discontinuity between compressed material and the zero pressure material , the isentropically compressed targets will have a continuous compression with large gradients into the sample. 
Diffraction from Iron [100] crystals
The properties of iron under high pressure and temperature have always been of interest owing to iron being a major component of the earth's inner core and its technological relevance to modern society. The α − phase transition at 13 GPa, shown in Figure ? ? is of particular importance to the shock physics community as it was first proposed by Bancroft et al. [19] to explain the discrepancy between Walsh's measurements [20] and Bridgman's original work up to 10 GPa [21] . The crystallographic nature of the phase was not determined until later with static compression measurements using x-ray diffraction by Jamison and Lawson [22] . It was not until recent in-situ x-ray diffraction experiments of laser shocked samples that this was confirmed [23] . With the recent success of in-situ x-ray diffraction in determining the crystal structure of shocked iron, we will use iron as the example to discuss the x-ray diffraction technique for isentropically compressed samples. We employ a simulation to show how the gradients in the sample will affect the width of the diffraction lines that will be recorded on the film. Figure 4 shows how the compression of the iron varies in the sample at different times in the simulation. During the pressure ramp, 30 ns after the drive beams are incident on the reservoir surface, the density gradient is large going from ambient density to a compression of nearly 15%. Since the x-rays can penetrate the entire sample, the diffracted peak will contain information from the full range of compressions at this time, and it will be significantly broadened. Close to the peak of the pressure pulse, 33.5 ns, maximum compression is reached at the front surface, but there is still a large gradient in compression which will broaden the diffracted signal and make it difficult to extract detailed information. Figure 5 illustrates line broadening effects due to the strain gradient in the iron sample. Figure  5 a) shows a line out from an experimental image from iron sample shock compressed with a laser using an iron K-shell backlighter ??. As stated before in the shock case we can probe several states of the material with a single pulse due to the penetration depth of the x-rays. In this case we get signal from pristine material (deepest in the sample), a compressed BCC lattice (intermediate phase) and the transformed HCP phase (closest to the surface). For comparison, Figure 5 b ) and c) show calculated signals at 3 times for iron and copper backlighters respectively. Two different examples are show for each time. The dashed lines in Fig. 5 b) and c) represent the diffraction peak profile dependent only on the variation in compression as a function of depth. The solid line includes some instrument broadening of the diffraction peaks. Figure 5 b) shows that the diffraction signals recorded at 30 and 33.5 ns will be broaden significantly by the gradient in compression of the sample. The diffraction signal at 41.5 ns forms a tighter peak than the diffraction peak at the other two times, which can be attributed to the smaller gradient in the compression.
The broadening in the diffraction signal due to the strain gradient can be reduced by the choice of backlighter. When using K-shell laser generated x-rays from an iron backlighter at 6 keV the 1/e depth is about 7µm for the (002) plane, generating diffraction signal from nearly the entire sample. Alternatively the K-shell radiation from a laser based copper backlighter at 8 keV the depth is reduced to less then 2 µm. Simulations of the diffraction peaks using a copper backlighter are shown in Fig. 5c ). The copper backlighter, with its shallower penetration depth, generates sharper peaks than an iron backlighter but the scattering signal levels will be reduced due to the higher absorption in the iron at the copper k-shell emission line. Figure 6 shows recent experimental data. The timing of the late x-ray pulse was set to probe the lattice as the compression wave reached the sample. In Figure 6 the data is obtained by a single late x-ray pulse. The two distinct peaks is consistent with the initial small shock that is generated by the ramped compression profile steepening up in the plastic heat shield layer. While a thick The sample was Vanadium coated with a 5 µm plastic heaat shield. The experimental data was generated using only the late time pulse, so the distinct peaks is consistent with a shocking of the sample..
heat shield over the sample is desired to keep the plasma heat from the sample, too thick a sample will lead to an initial shock or potentially shock compression of the sample.
Conclusion
Quasi-isentropic compression gives us the ability to explore material states off the shock Hugoniot. This approach also provides us with one key and truly unique capability, namely access to compressions in solids that approach the terapascal regime. Typically, single shock techniques melt solids at pressures exceeding 200-400 gigapascals, and so properties of solids beyond these pressures remain completely unexplored. Investigations in the terapascal regime enabled by quasi-isentropic compression certainly will provide an unprecedented window into the extreme states found in planetary interiors. Time-resolved X-ray diffraction methodologies will play an unique and pivotal role in investigating the crystal lattice and other fundamental properties of the solid during these extreme conditions. For shocked solids, our group and others throughout the community have already demonstrated that x-ray diffraction can successfully probe atomistic phenomena such as phase transformations with nanosecond temporal resolution. However, diffraction measurements in a quasi-isentropically compressed solid have never been demonstrated and pose important challenges; in this work, we have discussed a novel approach to enabling such investigations. We have described key experimental aspects of a technique to perform time resolved diffraction measurements, including a new geometrical target design as well as relevant backlighter and timing issues. Additionally, we have explored the need for a detailed hydrodynamic understanding of the compression process, either through bulk measurements or detailed simulations, that will permit quantitative analyses of the quasi-isentropically compressed lattice. Finally, we have presented preliminary experimental results showing in situ, real-time lattice measurements during quasi-isentropic compression and model and quantify the contributions from spatial and temporal gradients. Development of this technique will continue on the Omega laser at the University of Rochester, the Jupiter Laser Facility at LLNL, and the Vulcan laser at the Rutherford Appleton Laboratory in the UK.
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